We provide here new insights into rotavirus (RRV) pathogenicity by showing that RRV infection promotes structural and functional injuries localized at the tight junctions (TJ) in the cell-cell junctional complex of cultured polarized human intestinal Caco-2 cells forming monolayers. RRV infection resulted in a progressive increase in the paracellular permeability to [ 3 H]mannitol as a function of the time postinfection. We observed a disorganization of the TJ-associated protein occludin as a function of the time postinfection, whereas distribution of the zonula adherens associated E-cadherin was not affected. These structural and functional RRV-induced TJ injuries were not accompanied by alteration in cell and monolayer integrity, as assessed by the lack of change in transepithelial membrane resistance and lactate dehydrogenase release. Finally, using the stabilizer of actin filaments Jasplakinolide, we demonstrated that the RRV-induced structural and functional alterations in TJ are independent of the RRV-induced apical F-actin rearrangements.
Rotaviruses (RRV), nonenveloped double-stranded RNA viruses, are recognized as the most important worldwide cause of viral gastroenteritis in infants (for reviews see references 7 and 16). There is increasing information on their replication and maturation processes. Currently, the pathophysiological mechanisms by which RRV induce diarrhea remain unclear. RRV diarrhea might be due to enterocyte destruction from the top of intestinal villi. In agreement with this, extensive studies of animal models have reported the presence of histopathologic changes and functional abnormalities in infected intestinal mucosae that varied from mild to severe depending on the RRV strain virulence. However, this mechanism cannot explain situations in which mild histopathologic changes without enterocyte destruction are associated with low disaccharidase level. Indeed, whatever the severity of histopathologic changes, the activity of functional intestinal proteins is frequently decreased by RRV infection. Recently, we have gained consistent data which lead us to propose a alternate RRV pathophysiological model in which alteration of enterocytic functions depends on perturbation in protein trafficking and the cytoskeleton (3, 13) .
In the present study we have investigated the mechanisms by which RRV impair the structural and functional organization of the intestinal epithelial cell monolayers. In epithelia, the permeability barrier between different environments results from the assembly and maintenance of different junctional domains in the polarized cells; that the regulation of the paracellular pathway by its well-defined structures is a complex process is now apparent (for reviews see references 1, 4, and 18) . In order to approach in vitro the situation in vivo and to gain further insights into the pathophysiological mechanisms of RRV infection, we have used the human polarized intestinal epithelial Caco-2 cells (23) . These cells, established from a human colon adenocarcinoma, spontaneously differentiate after confluency and display many of the morphological and biochemical properties of mature enterocytes (32) . Interestingly, the human polarized intestinal Caco-2 cells which form monolayers mimicking an epithelial barrier are known to allow the transcellular passage of water (11) . In relation to our previous observation that RRV infection in Caco-2 cells is accompanied by brush border-associated cytoskeletal rearrangements (3, 13), we decided to examine whether or not RRV infection produces structural and functional changes in the junctional domains of polarized Caco-2 cells. We provide here new insights into the pathophysiological events following RRV infection consisting of structural and functional injuries localized at the tight junctions (TJ) in the cell-cell junctional complexes of polarized intestinal cell monolayers mimicking epithelia.
MATERIALS AND METHODS
Reagents. [2- 3 H]mannitol (15 to 30 Ci/mM) was from Amersham (Les Ulis, France). [1,2- 3 H]polyethylene glycol (PEG) 900 and 4000 (2 Ci/mM) were from NEN (Paris, France). Fluorescein-5 and -6 sulfonic acid (FS) and Jasplakinolide (JAS) were from Molecular Probes (Eugene, Oreg.).
Cell lines and culture. The cultured human colonic adenocarcinoma Caco-2 cells (23) were routinely grown in Dulbecco modified Eagle's minimal essential medium (DMEM) (25 mM glucose) (Eurobio, Paris, France), supplemented with 20% fetal calf serum (Boehringer, Mannheim, Germany) and 1% nonessential amino acids as previously described (13) (14) (15) . For maintenance purposes, cells were passaged weekly using 0.25% trypsin in Ca 2ϩ -and Mg 2ϩ -free phosphate-buffered saline (PBS) containing 3 mM EDTA. Maintenance of the cells and all experiments were carried out at 37°C in a 10% CO 2 -90% air atmosphere.
All experiments were carried out at late confluency, i.e., after 15 days in culture (fully differentiated cells) (3, (13) (14) (15) . For paracellular flux studies, the cells were seeded at a density of 10,000 cells per cm 2 on tissue culture-treated polycarbonate Transwell filters containing pores 0.4 mm in diameter. Apical and/or basal media were replaced at 2-day intervals from day 2. In other experiments, cells were seeded in 24-well tissue culture plates (Corning Glass Works, Corning, N.Y.) at a concentration of 2.5 ϫ 10 4 cells per well. MA104 cells were cultured in MEM supplemented with 10% fetal bovine serum FBS, 1% glutamine, antibiotics (20 U of penicillin and 40 U of streptomycin/ml), and 1% nonessential amino acids (100ϫ) in a 5% CO 2 incubator. Cells (10 5 /cm 2 ) were seeded in 150-cm 2 tissue culture flasks (Falcon; Becton Dickinson, Le Pont-de-Claix, France) and were used for virus stock production after 48 h of culture.
Cell infection. The method used for Caco-2 cell infection has been described elsewhere (13) (14) (15) . Briefly, the virus inoculum was activated for 30 min by treatment with 0.5 mg of trypsin/ml. Caco-2 cells (cultured without FBS for 24 h) were apically infected with an inoculum of activated RRV at a multiplicity of infection of 1 or 10 PFU for 1 h at room temperature. The inoculum was then removed, and fresh medium containing 0.5 mg of trypsin/ml was added. Infected cells were incubated at 37°C in a 10% CO 2 -90% air atmosphere and were processed for experiments at various times postinfection. Each assay was conducted in triplicate with three successive passages of Caco-2 cells.
Antibodies. The monoclonal antibody (MAb) against E-cadherin was from Biogenesis (Interchim, Montluçon, France). The MAb directed against occludin was obtained from Zymed Laboratories (ICN, San Francisco, Calif.). The ascites fluid containing antibody HBB 2/614/88 against human sucrase-isomaltase (SI) was a gift from H. P. Hauri (Biocenter of the University of Basel, Basel, Switzerland). The polyclonal anti-group A RRV antibody 8148 was a gift from J. Cohen (Institut National de la Recherche Agronomique, Jouy-en-Josas, France). Fluorescein isothiocyanate-phalloidin was from Molecular Probes Inc. Fluorescein-coupled goat anti-mouse immunoglobulins were from Institut Pasteur Productions (Paris, France).
Immunofluorescence. Monolayers of Caco-2 cells were prepared on glass coverslips, which were placed in 24-well tissue culture plates (Corning Glass Works). Control and RRV-infected cell monolayers were fixed for 15 min at room temperature in 3.5% paraformaldehyde in PBS, washed three times, and then treated with 50 mM NH 4 Cl for 10 min. When occludin and E-cadherin were to be visualized, the cells grown on coverslips were permeabilized by incubation with 0.2% Triton X-100 in PBS for 4 min, and the coverslips were then rewashed three times with PBS. Permeabilized cell monolayers were incubated with a specific primary antibody (diluted 1:20 to 1:100 in PBS in 0.2% bovine serum albumin [BSA]-PBS) for 45 min at room temperature, washed, and then incubated with their respective secondary fluorescein-conjugated antibodies (Institut Pasteur Productions) (diluted 1:50 in 0.2% BSA-PBS).
SI was revealed by indirect immunofluorescence labeling on unpermeabilized cell monolayers as previously described (13) . Preparations were fixed for 10 min at room temperature in 3.5% paraformaldehyde in PBS. Cell monolayers were incubated with MAb anti-SI (diluted 1:100 in 2% BSA-PBS) for 30 min at room temperature, washed, and then incubated with the respective secondary fluorescein-conjugated antibodies. Appropriate secondary antibodies were used at a dilution of 1:20 to 1:100 in 0.2% BSA-PBS. No fluorescence staining was observed when nonimmune serum was used or when the primary antibody was omitted.
RRV proteins were revealed by indirect immunofluorescence in cells fixed postinfection with 3% paraformaldehyde, permeabilized with 0.1% Triton X-100, and labeled with polyclonal anti-group A RRV antibody 8148 (diluted 1:100 in PBS in 0.2% BSA-PBS) and fluorescein isothiocyanate-labeled antirabbit immunoglobulin G antibody (Institut Pasteur Productions) (diluted 1:50 in 0.2% BSA-PBS), as previously described (13) (14) (15) . No fluorescence staining was observed when nonimmune serum was used or when the primary antibody was omitted.
When F-actin was to be visualized, cells grown on coverslips were permeabilized by incubation with 0.2% Triton X-100 in PBS for 4 min at room temperature before incubation with fluorescein-phalloidin for 45 min at 22°C. The coverslips were then rewashed three times with PBS.
Specimens were examined using a Leitz Aristoplan microscope with epifluorescence coupled to a Visiolab 1000 image analyzer (Biocom, Les Ulis, France). More than 200 individual cells were examined for each assay, and assays were conducted in triplicate with three successive passages of Caco-2 cells. All photographs were taken on T-MAX 400 black-and-white film (Eastman Kodak Co., Rochester, N.Y.).
LDH release. Cell integrity was determined by measuring the release of lactate dehydrogenase (LDH) into the culture medium postinfection using a commercially available kit (Enzyline LDH; Biomérieux, Dardilly, France). The results are expressed as the units per liter of LDH released.
TER measurements. Monolayers of Caco-2 cells were grown in filters mounted in culture chambers (Costar culture plate inserts; 0.4-m pore size; 4.7 cm 2 ; 3 ϫ 10 4 cells per cm 2 ), an arrangement which delineates an apical (luminal) and a basolateral (serosal) reservoir. After RRV infection, the integrity of the confluent polarized monolayers was checked by measuring transepithelial membrane resistance (TER) with a volt-ohmmeter (Millicel ERS; Millipore, Saint Quentin, France). TER (in units of ohms times centimeters squared) was calculated as the measured electrical resistance times the surface area of a filter. The background reading of a free control filter was subtracted.
Permeability measurements. The permeability of Caco-2 cell monolayers was determined by measuring the paracellular passage of water-soluble radioactive or fluorescent compounds, having various sizes, from the apical to the basolateral compartments of the culture chamber (Costar culture plate inserts; 0.4-m pore size; 4.7 cm 2 ; 3 ϫ 10 4 cells per filter).
3 H]PEG, or FS was dissolved in the culture medium. To measure the flux in the apical-to-basolateral direction, the tracer solution (2.5 Ci/ml for radioactive compounds and 20 g/ml for FS) was loaded into the apical side of the monolayer and the cells were incubated for 1 h at 37°C. After the incubation period, the tracer concentrations in the apical and basolateral compartments were assayed. The concentrations of [ 3 H]mannitol and [ 3 H]PEG were determined by measurement in a ␤-scintillation counter. The values were corrected for the background radioactivity of the media or PBS, as appropriate. The fluorescence due to FS was determined using a Jobin-Yvon JY3C spectrofluorimeter at an excitation wavelength of 410 nm (slit width, 2 nm) and an emission wavelength of 530 nm (slit width, 10 nm).
JAS treatment. JAS (1 M) was added to the culture medium 30 min before RRV infection, and this concentration was maintained during the infection time course. In a preliminary experiment, an examination of LDH release and TER in uninfected cells treated with JAS showed no modification in the cell and monolayer integrities.
Statistics. Data are expressed as means Ϯ standard errors of the means of several experiments, with at least three monolayers from three successive pas- 
RESULTS
RRV infection induces an increase in paracellular permeability. The effect of RRV infection on paracellular permeability in Caco-2 intestinal monolayers was examined using [ 3 H]mannitol (182 Da) (Fig. 1A) . The rate of unidirectional flux of [ 3 H]mannitol was negligibly low in control monolayers. RRV infection resulted in a progressive increase in the paracellular permeability to [ 3 H]mannitol as a function of the time postinfection. We investigated monolayer integrity and cell viability at 12, 18, and 24 h postinfection ( Table 1) . As assessed by TER measurement, there was no significant change in monolayer integrity within the first 24 h postinfection. In contrast, a significant increase in LDH release and a decrease in TER were observed at 36 h postinfection, revealing that RRVinduced cell lysis had commenced. Altogether, these results demonstrated that the RRV-induced increase in paracellular permeability develops before the RRV-induced cell lysis.
The extent of the RRV-induced paracellular permeability was determined using defined paracellular markers having different sizes: FS (478 Da), [ 3 H]PEG 900 (900 Da), and [ 3 H]PEG 4000 (4,000 Da) (Fig. 1B) . The mucosal-to-serosal flux rate of markers across the filter-grown Caco-2 cell monolayers was determined at 18 h postinfection. The rate of unidirectional flux of markers was negligibly low in control monolayers. RRV infection resulted in a highly significant increase in the paracellular permeability to FS, which was lower than that to [ 3 H]mannitol. In contrast, the paracellular permeability to PEG 900 and PEG 4000 in RRV-infected monolayers did not change compared with that in control monolayers.
RRV infection induces selective alterations in the distribution of proteins associated with the TJ. The above results
showing an RRV-induced increase in the paracellular permeability to [ 3 H]mannitol and FS suggest a mechanism involving an alteration in the distribution of functional junctional complex-associated proteins. For polarized epithelial cells forming monolayers, the intercellular junctional complexes include well-defined structures including TJ or zonula occludens, zonula adherens (ZA), and desmosomes (for reviews see references 1and 4). The most apical structure of the junctional complex is the TJ, in which functional proteins such as occludin (2, 9, 20) have been identified. Just next to the TJ lies the ZA, also named adherens junction, in which the classical cadherins (e.g., E-, N-, and P-cadherins) act as adhesion receptors (10) .
We examined whether or not the distribution of the TJassociated occludin and ZA-associated E-cadherin was modified in Caco-2 cells upon RRV infection. Figure 2A shows that occludin staining was localized to sites of cell-cell boundaries in control uninfected cells. Occludin distribution was characterized by a brightly stained, continuous band with a sharp honeycomb-like organization. In RRV-infected cells (Fig. 2B  to D) , the occludin distribution appeared disorganized as a function of the time postinfection. Indeed, at 12 h postinfection randomly distributed cells showed that alteration of the occludin distribution had begun (Fig. 2B) . At 18 and 24 h postinfection ( Fig. 2C and D, respectively) , occludin distribution appeared dramatically altered and was characterized by the formation of large gaps and the appearance of a fluffy disorganized pattern. As disclosed in Fig. 2E the E-cadherin distribution in uninfected control cells results in a continuous large band with a honeycomb-like organization. In contrast, with occludin, no obvious change in E-cadherin distribution in RRV-infected Caco-2 cells was found (Fig. 2F) .
Altogether, these results demonstrated that infection by RRV in polarized epithelial intestinal cells forming monolayers is followed by the opening of the cell barrier localized just in the upper part of the junctional domain, involving redistribution of the TJ-associated occludin, whereas the ZA domain appeared unmodified.
RRV-induced structural and functional alterations in TJ are independent of apical cytoskeletal rearrangements. We have previously reported that RRV infection in Caco-2 cells is followed by apical cytoskeleton rearrangements (3, 13) . Moreover, alteration in the junctional domain could result from centrifugal traction of the TJ membrane in polarized epithelial cells in which alteration of the apical cytoskeleton develops. In order to assess whether RRV-induced structural and functional alterations in TJ are dependent or not on the RRVinduced apical F-actin rearrangements, we used JAS, a monocyclic peptide isolated from the sea sponge Jaspis johnstoni, known to be a stabilizer of actin filaments (30) . As a control, we verified that JAS at the concentration (1 M) used had no effect on RRV infection (Fig. 3D and H) . As disclosed in Fig.  3 , JAS treatment of the RRV-infected Caco-2 cells resulted in inhibition of the RRV-induced apical F-actin disassembly (Fig.  3A to C) , whereas the RRV-induced decrease in SI expression was partially inhibited (Fig. 3E to G) . In contrast, JAS treatment of RRV-infected Caco-2 cells did not modify the increase in the paracellular permeability to [ 3 H]mannitol (Fig. 4A) . In parallel, immunolabeling of occludin in RRV-infected cells treated with JAS shows that the TJ-associated protein remains redistributed (Fig. 4C ) compared with what is found for untreated RRV-infected cells (Fig. 2C, respectively) . Taken together, these results demonstrate that the RRV-induced functional alteration in the TJ of the Caco-2 cell monolayers does not result from the RRV-induced apical cytoskeleton rearrangements. The fact that JAS does not inhibit the RRVinduced increase in mannitol fluxes could be the consequence of occludin not being directly linked to the cytoskeleton. Indeed, occludin is directly linked to the zonula occludens protein ZO-1, which is directly linked to the F-actin cytoskeleton (for a review see reference 4). Results showing that the occludin distribution remains modified in RRV-infected cells treated with JAS support the hypothesis that JAS could reassemble F-actin and ZO-1 together but does not reassemble ZO-1 with occludin, leading to the persistence of the increase in mannitol fluxes.
DISCUSSION
We have recently revisited the pathophysiological mechanisms by which RRV infection promotes cell injuries in polarized human intestinal cells. In particular, we have investigated the mechanism by which RRV impairs some intestinal functional proteins without apparent cell destruction. Data demonstrated that RRV infection induced the blockade of the direct transport of SI from the trans-Golgi network to the brush border (13) . In parallel, RRV infection induces an important alteration of the brush border-associated cytoskeleton that correlates with decreased SI apical surface expression. Finally, we have demonstrated the ability of one or several intracellular or released viral proteins from RRV-infected human intestinal epithelial cells to induce an alteration in the microvillar cytoskeleton by a Ca 2ϩ -dependent mechanism (3). It is well established that several gastrointestinal epithelial functions are influenced by the establishment and the maintenance of the polarized organization of the epithelial intestinal cells. Organization of polarized epithelial cells in monolayers provides a permeability barrier between different environments (for reviews see references 1, 4, and 18). The junctional domains in polarized epithelial cells function as a "fence" separating apical and basolateral domains, thereby segregating cell surface proteins and lipids into each domain. They also function as a "gate" to provide a permeability barrier between the mucosal and serosal environments. Several diarrheagenic bacteria alter the junctional complexes in polarized epithelial cells to develop pathogenicity (for reviews see references 8 and 25) . Reports have described the activity of viruses in TJ of the human polarized epithelial cells. The herpes simplex virus (HSV) interacts through its glycoprotein complex gE-gI with the adherent junction, but not the TJ, to mediate the spread of viruses between adjacent cells (5) . This interaction occurs without HSV-mediated change of either ZO-1 or ␤-catenin and without alteration in TJ functions. Wild-type retinal cytomegalovirus strain AD169 infecting the retinal pigment epithelium promotes epithelial permeabilization and ZO-1 disassembly, whereas deletion mutants RV35, RV80, and AD169 do not (21) . The results presented here show that the alterations observed in the junctional domain upon RRV infection differed from the alterations induced by the nonenveloped poliovirus in monolayers of Caco-2 cells (27) . Indeed, poliovirus infection results in a decrease in TER accompanied by an increase in paracellular permeability to inulin prior to visible cytopathic effect. The results presented here show that RRV infection results in an increase in paracellular permeability to low-molecular-weight markers accompanied by rearrangement in TJassociated occludin without an associated decrease in TER of monolayers. Dissociation of paracellular permeability from electrical resistance upon RRV infection is surprising since these two parameters have generally been considered to evolve in parallel. The only other example of identically paradoxical results was the result of a recently reported examination of the role of occludin in TJ functionality (2) . Indeed, in MDCK II cells transfection with C-terminally truncated occludin increased the paracellular flux without affecting the TER of monolayers. In parallel, the distribution of the mutant occludin exhibited a discontinuous junctional staining pattern accompanied by a disruption of the continuous junctional ring formed by the endogenous TJ-associated protein occludin.
The observation that the RRV-induced selective opening of the TJ allowing passage of low-molecular-weight molecules results from a redistribution of functional TJ-associated proteins independent from the RRV-induced apical cytoskeleton disassembly is of interest. Indeed, the observed RRV-induced alterations in the TJ domain could be related to the alteration in the apical expression of the brush border-associated hydrolase SI previously reported by us (13) . This phenomenon results from the blockade of SI transport to the brush border without affecting SI biosynthesis, maturation, or stability. Several cytoskeleton-associated proteins and junction-associated proteins play a pivotal role in the architectural organization of the polarized cells (for reviews see references 12, 17, and 22). Moreover, it is well established that intracellular trafficking of functional intestinal proteins is influenced by the establishment and maintenance of the polarized organization of the epithelial intestinal cells (19) . Several intriguing peripheral membrane proteins are concentrated at the TJ and are thought to be involved not only in cross-linking TJ strands with underlying actin-based cytoskeletons but also in vesicle targeting for cellular polarization. For example, rab3B (29) and rab13 (31), belonging to the family of rab GTPases involved in vesicular transport, have been localized at the apical pole near the junctional complexes. A current opinion is that, in association with the subapical compartment in polarized intestinal cells (24, 28) , the junctional domain may function as a novel sorting center for the docking and fusion of some apical vesicles transporting brush border-associated functional molecules. In consequence, alterations in TJ induced by RRV infection could explain the previously reported modification of the vectorial delivery of functional components to the apical domain (13) .
